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Motion repulsion is the illusory enlargement of the angle between objects moving in two diﬀerent directions of motion. Previous
work suggests that motion repulsion occurs under dichoptic conditions, and therefore is binocular. In reference repulsion the
direction of motion is misperceived even if only a single direction of motion is presented. In an experiment I show that repulsion
under dichoptic conditions is correlated with reference repulsion, but not with binocular motion repulsion. This suggests that
motion repulsion proper, which occurs over and beyond reference repulsion, does not occur under dichoptic conditions, implying
that motion repulsion is monocular.
 2004 Elsevier Ltd. All rights reserved.
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To understand normal brain functioning it is crucial
to know how a population of neurons represents stimu-
lus information. Several questions are of key importance:
(1)Which neurons belong to a given population? (2) How
does the distribution of activity represent information?
Motion repulsion is the illusory enlargement of the angle
between objects moving in two diﬀerent, but similar,
directions of motion (Marshak & Sekuler, 1979; Mather
& Moulden, 1980). Motion repulsion is an ideal tool to
study population coding, because motion repulsion is
believed to be the result of a change of the distribution of
activity in a population of neurons (Mather & Moulden,
1980). The mechanisms that could bring about such a
shift may be inhibitory interactions between neurons
tuned for similar directions of motion (Marshak & Sek-
uler, 1979). However, at present it is not clear which
neurons form part of the population of neurons within
which these interactions take place.
Since its discovery it has been believed that motion
repulsion is a binocular phenomenon (Marshak & Sek-
uler, 1979), and more recently it has been argued that
motion repulsion arises after binocular rivalry (Chen,
Matthews, & Qian, 2001). However, it has also been* Tel.: +1-6082620808; fax: +1-6082624029.
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depend on binocular disparity (Hiris & Blake, 1996).
This is surprising, since there are many important
interactions between motion and disparity (Bradshaw &
Rogers, 1996; Landy, Maloney, Johnston, & Young,
1995), and since motion and disparity are processed
together at many stages of the primate visual system
(Grunewald, Bradley, & Andersen, 2002; Hubel & Liv-
ingstone, 1987; Maunsell & Van Essen, 1983; Roy &
Wurtz, 1990; Smith, Chino, Ni, & Cheng, 1997). The
evidence in support of a binocular locus for motion
repulsion stems from the ﬁnding that under dichoptic
conditions, where two directions of motion are shown to
diﬀerent eyes, there is also motion repulsion, though it is
only half as strong (Marshak & Sekuler, 1979). Inter-
estingly, when only a single direction of motion is
shown, the perceived direction is misjudged (Rauber &
Treue, 1998). This is called reference repulsion, because
perception of the direction of motion is most accurate
for the cardinal directions (up, down, left and right), and
for intermediate directions it is biased away from the
nearest cardinal direction (Rauber & Treue, 1998).
Reference repulsion is in the same direction, and half as
big as motion repulsion. Given their similar proﬁles, is it
possible that motion repulsion under dichoptic condi-
tions is the same as reference repulsion? We examined
this question by performing a dichoptic motion repul-
sion experiment.
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Participants were seated in a dark booth, with their
head ﬁxed using a chin rest. Participants viewed a
computer monitor using a mirror haploscope. The
lightpath from the monitor to each eye was about 57 cm
long. The stimuli were presented through a circular
aperture for 500 ms. Motion stimuli were coherently
moving dots. There were two motion directions. One set
of dots (test) moved in one of the following 7 possible
directions: 7, 15, 30, 45, 60, 90, and 120 (Fig. 1).
Another set of dots (inducer), if shown, always moved to
the right (0). There were 6 possible eye conditions: both
inducer and test directions could be shown to both eyes
(binocular condition), both inducer and test directions
could be shown to the same eye (monocular condition––
both left or both right), inducer and test directions could
be shown to diﬀerent eyes (dichoptic conditions––
inducer left and test right or inducer right and test left),
and only the test direction to both eyes (single condi-
tion). The combination of 6 eye conditions and 7
directions resulted in 42 diﬀerent stimulus conditions.
After stimulus presentation participants indicated the
direction of perceived motion of the test dots by rotating
a line using a computer mouse. A mouse click termi-
nated each trial, and initiated the next.
Visual stimuli were presented on a computer monitor
(Totoku CV 931X) with a spatial resolution of 1024 by
768 pixels and a refresh rate of 160 Hz. The background
of the monitor was black (0.1 cd/m2). Motion stimuli
were presented as anti-aliased random-dot cinemato-
grams (RDCs) made up of white dots (72 cd/m2). The
dots were circular with diameter about 50 and moved
with a constant speed of 4/s. The dots were shown
through an aperture with diameter 8. In each eye con-
dition a white circle was displayed along the aperture in
each eye, to ensure participants could easily fuse the left
and right images. No ﬁxation mark was provided, since
in pilot experiments we found that requiring ﬁxation did
not change the results. Each motion stimulus had a lowFig. 1. Stimulus conditions. Each arrow represents a set of dots
moving in the direction of the arrow. Each pair of circles denotes the
two eyes; the arrows inside each circle indicate the visual stimulus to
each eye in each eye condition. Empty circles correspond to a blank
screen, one arrow to one set of dots and two arrows to two sets of dots
superimposed.dot density (1 dot/deg2) that did not lead to binocular
rivalry (Blake, O’Shea, & Mueller, 1992). The dot den-
sity had been set low enough such that three trained
observers (one of them the author) always perceived two
directions of motion in the dichoptic conditions. The
experiment was performed in blocks, where each stim-
ulus condition was presented once per block. There were
16 blocks, of which the ﬁrst 3 blocks were discarded for
training purposes.
Thirty students from the undergraduate subject pool
of the Department of Psychology at the University of
Wisconsin-Madison served as participants in these
experiments. Participation in these experiments was
voluntary, and gave the students extra credit in an
introductory psychology course. All participants were
na€ıve as to the purpose of the experiment. Participants
had normal, or corrected-to-normal vision. Written in-
formed consent was obtained from all participants. The
experiment was approved by the Human Subjects Re-
view Board at the University of Wisconsin-Madison.3. Results
The directions indicated by the participants were
converted to repulsion values by subtracting the true
direction of the test stimulus from the reported direc-
tion. Participants were deemed to experience motion
repulsion if in the binocular condition in at least three of
the four smallest angles (7, 15, 30, 45), the mean
repulsion value was greater than zero. Twenty-ﬁve par-
ticipants experienced motion repulsion in the binocular
condition, and their data were further studied. I ana-
lyzed the repulsion data by determining the eﬀect of eye
condition on the relationship between the true direction
of the test and motion repulsion. Repulsion in the
dichoptic condition was signiﬁcantly smaller than in the
binocular condition (two-way ANOVA, p < 0:001, Fig.
2). Not only does this conﬁrm earlier work, it also
establishes that the experimental design had enough
power to detect eﬀects due to eye condition. Yet, when
comparing the dichoptic and single direction conditions,
there was no signiﬁcant diﬀerence ðp > 0:5Þ.
This suggests that dichoptic repulsion is indistin-
guishable from reference repulsion. To further investi-
gate this hypothesis I determined for each participant the
test direction at which maximal repulsion occurred in the
binocular condition, and the neighboring condition that
had the higher repulsion. For example, for several par-
ticipants (6 of 25) the test direction of 30 resulted in the
highest repulsion in the binocular condition. For some of
these participants 15 resulted in larger repulsion than
45, and for the others it was the other way around. I
then compared dichoptic and single direction repulsion
across participants for these two test directions. As a
control, I also compared dichoptic repulsion to binocu-
Fig. 2. Motion repulsion depends on eye condition and test direction.
Motion repulsion across 25 participants in the experiment as a func-
tion of test direction and eye condition. The horizontal dotted line
indicates veridical report, i.e. no repulsion. Error bars, ±1 s.e.m. The
two monocular conditions (both test and inducer in left or right eye)
and the two dichoptic conditions (test and inducer in diﬀerent eyes)
have been pooled.
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tion between dichoptic repulsion and single direction
repulsion (Spearman rank correlation coeﬃcient,
r ¼ 0:6, p < 0:001, Fig. 3a). In contrast, the correlation
between dichoptic repulsion and binocular repulsion is
weak, and does not reach signiﬁcance (r ¼ 0:24, n.s., Fig.
3b). A direct comparison of the two correlation coeﬃ-
cients conﬁrms that the former is signiﬁcantly larger than
the latter ðp < 0:05Þ. Similar relationships were obtained
if repulsion values corresponding to the same test
direction of 30 were used across all participants: dich-
optic vs. single ðr ¼ 0:52; p < 0:01Þ; dichoptic vs. binoc-
ular (r ¼ 0:33, n.s.).4. Discussion
The results indicate that in the dichoptic condition no
repulsion over and beyond reference repulsion occurs.Fig. 3. Correlation across participants between repulsion in diﬀerent conditio
the single condition. (b) Repulsion in the dichoptic condition plotted agains
contributes two data points. One point corresponds to the stimulus direction
second point corresponds to the neighboring direction that gave rise to theThis strongly suggests that motion repulsion only occurs
if both test and inducer directions are presented to the
same eye. In other words, the mechanisms that give rise
to motion repulsion are monocular.
These results are consistent with the original report
showing that motion repulsion is dichoptic (Marshak &
Sekuler, 1979). Indeed, the present eﬀect has about the
same magnitude. However, because the earlier study did
not consider the single direction case, which is an
important control as shown in the present study, those
authors concluded that motion repulsion is binocular,
when in fact the evidence presented here suggests that it
is monocular. The present results are also consistent
with a recent study that investigated whether motion
repulsion occurs after or before binocular rivalry (Chen
et al., 2001). Convinced by the earlier ﬁnding that mo-
tion repulsion is binocular, those authors argue that
motion repulsion does not occur under dichoptic con-
ditions due to binocular rivalry. However, they did not
consider a much simpler explanation, namely that mo-
tion repulsion is monocular. Indeed, the present exper-
iment, where no binocular rivalry took place due to the
low dot density (Blake et al., 1992), shows that it is not
binocular rivalry per se that aﬀects motion repulsion.
Rather I ﬁnd that motion repulsion is monocular, which
also explains the results of Chen et al. (2001). Finally,
the ﬁnding that motion repulsion is monocular explains
the surprising ﬁnding that there is no dependence of
motion repulsion on binocular disparity (Hiris & Blake,
1996).
Visual motion is ﬁrst detected by monocular mecha-
nisms (Lu & Sperling, 1995). The present results show
that motion repulsion also acts at a monocular site, very
early on in the processing of visual motion. In the visual
system of the primate visual motion selectivity ﬁrst
arises in primary visual cortex (V1), and is further pro-
cessed in the middle temporal area (MT). Given that
primate V1 contains many monocular neurons (Hubel &
Wiesel, 1968), whereas MT does not (Maunsell & Van
Essen, 1983), this would suggest V1 as a possible site forns. (a) Repulsion in the dichoptic condition plotted against repulsion in
t repulsion in the binocular condition. In both plots each participant
that in the binocular condition resulted in the largest repulsion. The
larger repulsion value in the binocular condition.
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reported that motion repulsion occurs at a level where
global motion is integrated (Benton & Curran, 2003).
Given that receptive ﬁelds in V1 are quite small (Hubel
& Wiesel, 1968), whereas they are larger in MT
(Maunsell & Van Essen, 1983), it has traditionally been
considered that MT is the site at which global motion
processing takes place. How can motion repulsion then
both be monocular and subject to global motion pro-
cesses? To resolve this seeming discrepancy we note that
in principle monocular and global motion processing
could take place at the same stage. Consistent with this
observation two recent reports show that end-stopped
neurons in V1 carry signals that solve the aperture
problem (Pack, Livingstone, Duﬀy, & Born, 2003;
Tinsley et al., 2003), which has long been considered one
of the hallmarks of global motion processing (Marr,
1982).
Motion detection is a monocular process, and our
results suggest that motion repulsion also acts at a
monocular site, very early on in the processing of visual
motion. In principle lateral inhibition could occur at
many diﬀerent stages in which a stimulus features is
processed. For example, lateral inhibition could be the
ﬁrst process after a stimulus feature is detected, or it
could occur much later, when that stimulus feature is
combined with other stimulus features. In general, lat-
eral inhibition that occurs very early in the processing of
a stimulus feature, possibly immediately after that
stimulus feature is detected, is best able to preserve the
identity of two similar but diﬀerent stimuli, thus ensur-
ing that such stimuli are not inappropriately integrated
and thus perceived as only one stimulus. Our results
suggest that lateral inhibition in the motion domain
occurs at a population of neurons that is monocular.
Physiological evidence suggests that such neurons are
located in area V1 (Hubel & Wiesel, 1968). Our psy-
chophysical results better deﬁne the population of neu-
rons that participates in motion repulsion, putting us
now in a position to study physiologically how the dis-
tribution of activity in that population comes about, and
how it gives rise to motion perception.Acknowledgements
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